The narrow genetic base of cultivated cotton germplasm is hindering the cotton productivity worldwide. Although potential genetic diversity exists in Gossypium genus, it is largely 'underutilized' due to photoperiodism and the lack of innovative tools to overcome such challenges. The application of linkage disequilibrium (LD)-based association mapping is an alternative powerful molecular tool to dissect and exploit the natural genetic diversity conserved within cotton germplasm collections, greatly accelerating still 'lagging' cotton marker-assisted selection (MAS) programs. However, the extent of genome-wide linkage disequilibrium (LD) has not been determined in cotton. We report the extent of genome-wide LD and association mapping of fiber quality traits by using a 95 core set of microsatellite markers in a total of 285 exotic Gossypium hirsutum accessions, comprising of 208 landrace stocks and 77 photoperiodic variety accessions. We demonstrated the existence of useful genetic diversity within exotic cotton germplasm. In this germplasm set, 11-12% of SSR loci pairs revealed a significant LD. At the significance threshold (r 2 ≥ 0.1), a genome-wide average of LD declines within the genetic distance at b 10 cM in the landrace stocks germplasm and N 30 cM in variety germplasm. Genome wide LD at r 2 ≥ 0.2 was reduced on average to ∼ 1-2 cM in the landrace stock germplasm and 6-8 cM in variety germplasm, providing evidence of the potential for association mapping of agronomically important traits in cotton. We observed significant population structure and relatedness in assayed germplasm. Consequently, the application of the mixed liner model (MLM), considering both kinship (K) and population structure (Q) detected between 6% and 13% of SSR markers associated with the main fiber quality traits in cotton. Our results highlight for the first time the feasibility and potential of association mapping, with consideration of the population structure and stratification existing in cotton germplasm resources. The number of SSR markers associated with fiber quality traits in diverse cotton germplasm, which broadly covered many historical meiotic events, should be useful to effectively exploit potentially new genetic variation by using MAS programs.
The genus Gossypium includes approximately 45 diploid and 5 allotetraploid species distributed mostly in tropical and subtropical regions of the world [1, 2] . It provides most of the world's natural textile fiber, sources of oil, and cottonseed meal as feed products [3, 4] . Diploid cottons are classified into eight (A-G to K) cytogenetically defined genome groups [5] . Hybridization between A-genome and D-genome diploids and subsequent polyploidization about 1.5 million years ago created the five AD allotetraploid lineages that are indigenous to the Americas and Hawaii [6] [7] [8] . These New World tetraploid cottons include the commercially important species, Gossypium hirsutum and G. barbadense, where G. hirsutum is the most widely cultivated (90%) industrial cotton among all Gossypium species [9, 10] . The origin of G. hirsutum is Guatemala, but its large indigenous range encompassed most of Mesoamerica and Caribbean. According to archaeobotanical findings, G hirsutum probably was domesticated originally within the Southern end of Mesoamerican gene pool [11, 12] . Mexico-Guatemala is considered the site of original domestication and primary center of diversity. G. hirsutum exhibits a diversity of types including a single wild race, 'yucatanense', six primitive domesticated forms, 'richmondi', 'punctatum', 'latifolium', 'palmeri', 'morilli', 'marie-galante' stages [13, 14] , and a number of domesticated variety accessions, 'euhirsutum' [15] , grown in 80 different countries worldwide [3] . The accessions of wild and primitive races of G. hirsutum are the 'golden' reservoirs of genetic diversity, but they are largely 'underutilized' in breeding programs due to their short-day photoperiodic flowering [16, 17] . The 'euhirsutum' accessions are the main germplasm resources of worldwide cotton breeding programs to improve cultivars, and world cotton production greatly relies on these variety germplasm. Consequently, these variety germplasm of G. hirsutum make the major portion (at least 50-80%) of cotton germplasm collections worldwide [10] . Currently, cotton researchers and producers are concerned with the narrow genetic base of cultivated cottons that has experienced recent cotton yield and quality declines [18, 19] . The yield and quality stagnation could be directly attributed to many factors, perhaps, including rapid genetic erosion of genetically uniform elite cultivars and paucity of information on the complex nature of the cotton genome especially in relation to economically important traits. These indicate the critical need to 1) explore novel germplasm resources for potential natural genetic diversity and 2) develop innovative genomics tools to efficiently mobilize these useful genetic variations to breeding germplasm. This should help to overcome existing and potential problems of worldwide cotton production associated with narrow genetic base of the cultivar germplasm.
During past years, the international cotton research community has developed extensive genomic resources [20, 21] . A large collection of robust, portable, and PCR-based Simple Sequence Repeat (SSR) marker resources were developed in multiple laboratories and made available to the cotton research community through the cotton marker database (CMD) [22] . Molecular marker technology was successfully used to assess genetic diversity of germplasm resources, create genetic linkage maps, and map important agronomic QTLs in bi-parental mapping populations [20, 21] , which are imperative for acceleration of marker-assisted-selection (MAS) programs in cotton. Alternatively, turning the gene-tagging efforts from bi-parental crosses to germplasm collections, and from traditional linkage mapping to linkage disequilibrium (LD)-based association study promises the most effective utilization of ex situ conserved natural genetic diversity of worldwide cotton germplasm resources. LD refers to a historically reduced (non-equilibrium) level of the recombination of specific alleles at different loci controlling particular genetic variation in a population. This LD can be measured statistically, and has been widely applied to map and eventually clone a number of genes underlying complex genetic traits in humans [23, 24] .
The advantages of population-based association study over conventional QTL mapping in bi-parental crosses primarily are due to 1) availability of broader genetic variations with wider background for marker-trait correlations (i.e. multiple alleles evaluated simultaneously), 2) likelihood of a higher resolution mapping because of the utilization of majority recombination events in the germplasm's developmental history, 3) possibility of exploiting historically measured trait data for associations, and 4) no need for the development of expensive and tedious bi-parental populations that makes the approach timesaving and cost-effective [25] [26] [27] . Conversely, traditional QTL mapping is 1) very costly [27] , 2) has poor resolution with the evaluation of only a few alleles [28] , and 3) it requires a longer research time period. Additionally, association mapping in plants, compared to human populations, has more power with the opportunity to create mapping populations with required amount of LD and diversity [29] .
The measurement of the LD patterns for genomic regions and specificity of LD extent among different populations or groups of the 'target' organisms is the important starting point to design and conduct association mapping [30, 31] . LD has been quantified in several plant species [32, 33] including the model organism Arabidopsis and now extended to crops such as maize, barley, durum wheat, spring wheat, sorghum, soybean, sugarcane, sugar beet and grapevine, as well as in trees such as European aspen, and loblolly pine [28, 32, 33] . These studies revealed that the genome-wide extent of LD varied across genomes and between species with the examples of longer stretches of LD in some local populations. Moreover, LD-based association mapping was successfully used in plant germplasm resources that highlighted serious influence of population structure and relatedness of individuals in conducting association mapping [32, 33] .
The application of LD-based association mapping for cotton will not only accelerate still lagging MAS programs in cotton, but also adds to our knowledge and understanding of the complex cotton genome and its evolution. However, the extent of genome-wide LD has not been determined in cotton. In this study, we utilized largely 'unexploited' cotton germplasm resource from the Republic of Uzbekistan to search for new genetic variation in fiber quality traits in cotton and mapping the main fiber quality traits using LD-based association mapping strategy. Here we report the extent and distribution of molecular diversity, population structure, kinship, and an average extent of genome-wide LD for exotic germplasm measured using SSR markers. LD-based association mapping for fiber quality traits was applied using mixed linear model approach that found several SSR markers associated with the main fiber quality traits of exotic cotton germplasm. The results provide preliminary insight into genome-wide averages for extent of LD in cotton and are very useful as a framework for future 'association studies' in cotton that will accelerate development of superior cotton cultivars through MAS programs.
Results

Fiber quality properties of selected accessions in Mexican environment
The cotton accessions including 208 landrace stocks and 77 photoperiodic variety accessions from Mexico and Africa (Table S1 ) revealed a wide range of phenotypic variation among fiber quality traits including fiber strength (STR), fiber length (upper half mean-UHM), uniformity (UI), elongation (ELO), micronaire (MIC), and reflectance (Rd) ( Table 1) . We observed significant trait correlations among different fiber traits in the Mexican environment (Tables 2). The negative correlations were observed between MIC and UHM, MIC and STR, and STR and ELO. Positive correlations were observed between UHM and UI, UHM and STR, UHM and Rd, UI and Rd, and STR and Rd (Table 2) .
SSR polymorphism
In 287 exotic cotton accessions, including 208 landrace stocks, 77 photoperiodic variety accessions from Mexico and Africa, and control genotypes of Texas Marker-1 and Pima 3-79 (Table S1 ), 95 primer pairs (an average of 4 SSR primer pairs per each chromosome, covering ∼ 18% of the cotton genome; Table S2 ) detected 373 polymorphic SSR alleles or amplicons with an average of 4 SSR (a range of 2-8 alleles) alleles per primer pair. We found 10 (∼3%) unique SSR alleles that were specific to 0.5% of the accessions. The 182 SSR (∼49%) alleles were rare and present in only 5% of the cotton accessions. The remaining 181 (48%) SSRs were highly polymorphic ( Table 3 ). The overall polymorphic information content (PIC) for SSR markers was in a range of 0.007-0.380 with an average of 0.122, but we observed an average increase in PIC values in separate analyses of landrace stocks (0.134) and variety germplasm group of Mexican and African origin (0.160). The average similar frequency of alternative alleles of SSR data was 0.42 for dominant versus 0.55 for recessive alleles, after removing 5% minor frequency alleles. Filtering of original SSR data set for a 5% minor allele frequency generated SSR data set from 70 SSR primer pairs, which covered ∼12% of the cotton genome with an average of ∼3 SSR primer pairs per each cotton chromosome spanning at an average of ∼46 cM distance/chromosome (Table S2) .
Genetic distance estimates
The overall NJ-analysis ( Fig. 1 ) revealed genetic distance (GD) among all G. hirsutum accessions ranged from 0.01-0.50 with average of 0.13 demonstrating significant genetic diversity ranges. The overall GD range among only cotton landrace stocks was equal to 0.02-0.50 with the average distance of 0.26. The lower overall genetic distances were observed within a group of Mexican and African variety cotton accessions (average of 0.07-0.08), revealing the narrow genetic base of cultivated G. hirsutum cottons of these two diverse ecotypes. The average GD between TM-1 and all cotton accessions was 0.08-0.12. However, we observed several landrace stocks (belonging to ssp. mexicanum and punctatum) with the highest GD of 0.27-0.43 from TM-1, demonstrating existence of wider genetic diversity in G. hirsutum cotton landrace stocks. An average GD between cotton accessions and G. barbadense standard 3-79 was 0.54 with the highest distance (GD = 0.62) from G. hirsutum landrace stocks. The GD between TM-1 and 3-79 was equal to 0.54 when genotyped with the 95 core set SSR markers ( Table 4 ). The genetic base of variety cotton accessions seems narrower than landrace stock germplasm, demonstrating the potential for landrace stock accessions to contain wider genetic diversity.
Analysis of molecular variance (AMOVA) in cotton accession groups
To estimate genetic diversity within and among groups, we analyzed Wright's F ST index for predefined cotton accession groups using AMOVA test. The within group component of genetic variance prevailed and was attributed to 96.73% of the total variance. The 3.27% of the genetic variance was observed among groups with a significant overall F ST = 0.03274 (p b 0.0001) ( Table 5 ). Based on pairwise F ST estimates between the predefined groups (Table 6 ), the African variety germplasm was closer to a group of landrace stocks as compared to the Mexican varieties, indicating possible extensive utilization of putative ancestors from landrace stocks in the development history of the African varieties. Population differentiation estimates (F ST ) between the predefined cotton germplasm groups in both panels were also analyzed using a Bayesian approach for dominant markers without prior knowledge of inbreeding coefficients. Several Bayesian models were run and the smallest deviance information criterion (DIC = 2507.85) was observed with full model. The results of the θ confirmed the low level of population differentiation (6%) among the predefined groups (data not shown). Although the greatest proportion of genetic variance of cotton germplasm groups was attributed to within population groups, those small variations observed among predefined groups were highly significant (p ≤ 0.0001), suggesting the existence of population structure.
Assignments of cotton accessions into subgroups and kinship estimates
We further tested possible genetic clusters in these cotton germplasms using a model-based approach since information on the memberships of individuals to specific clusters (Q-matrix) and the relatedness of individuals (K-matrix) are crucial when conducting LDbased association mapping [35] [36] [37] . The model-based approach using prior population information (K = 3) revealed shared ancestry information among groups (Fig. 2) . All 208 landrace stock accessions were assigned to cluster 1 with a minimum probability of 0.57. According to posterior probability, 65 accessions in the cluster 1 shared recent ancestry with cluster 3 (African varieties) and five cotton accessions shared the ancestry from the Mexican cluster (cluster 2), whereas 22 landrace stock accessions shared recent ancestry with both the African and Mexican groups (Fig. 2) . All 24 Mexican variety cotton accessions were assigned to cluster 2 with a minimum probability of 0.58. In this Mexican variety cotton cluster, three cotton accessions shared a substantial recent ancestry with the African cluster, and one cotton accession shared ancestry with both the landrace stock and African clusters. In the third African variety cotton cluster, all 53 African variety cotton accessions were assigned to cluster 3 with a minimum probability of 0.65, and only two cotton accessions from the Mexican cluster shared a significant posterior probability of being in this cluster. Results demonstrated that the African cluster accessions shared a greater genetic similarity to the exotic landrace stocks than do the accessions in the Mexican cluster.
The pairwise kinship values varied 0-1.0. We observed that the majority of the pairs of cotton accessions (55%) in both panels had zero estimated kinship values, while 22-23% of the pairs had a value of 0.05, and 20% of the pairs had a value 0.1-0.20. The remaining pairs of accessions (1-2%) had N 0.25 kinship values, suggesting involvement of some common parental genotypes in these germplasm groups. (Table 7) . It should be noted that the sample size of 78 for the variety germplasm of the Mexican and African group was small and results of pairwise LD might be biased. However, this difference could also be due to low polymorphism level of variety germplasm that was unable to efficiently detect LD in assayed regions. We also tried to determine the structure of haplotypic LD in the genome since a strong block-like LD structure simplifies LD mapping of complex traits [38] . Triangle plots for pairwise LD between SSR markers demonstrated significant LD blocks in the genome-wide LD analysis (Fig. S1 ). These LD blocks are very useful in association mapping when sizes are calculated. Therefore, we tried to identify the general sizes of these blocks in the cotton genome. This is called a genome-wide LD decay, in which r 2 LD values are plotted as a function of genetic distance in cM. We observed a significant (r 2 = 0.1) LD between pairs of SSR loci within 36-37 cM distance in the both landrace stock (Fig. 3A) and photoperiodic variety germplasm (Fig. 3B ) groups, along with a few long stretched LD at 40-70 cM in landrace stock germplasm. However, LD clearly decays within the genetic distance of b10 cM in the landrace stocks germplasm with r 2 ≥ 0.1, and N30 cM in Mexican and African variety germplasm group with r 2 ≥ 0.1.
Pairwise linkage disequilibrium and LD decay
This indicates that linkage is the main factor in conserving LD in cotton genome as is the case in many other organisms [27, 33] . Genome wide LD at r 2 ≥ 0.2 reduced to ∼1-2 cM in the landrace stock germplasm group or 6-8 cM in variety germplasm group of Mexican and African ecotype. We observed significant LD between unlinked markers (Fig.  3) , suggesting the existence of LD generating factors other than linkage in the cotton genome.
Association mapping of fiber quality traits
We performed association mapping of SSR loci with fiber quality (MIC, UHM, UI, STR, ELO, Rd) traits from the Cotton Winter Nurserygrown cotton accessions by using a Q+K mixed linear model (MLM) implemented in TASSEL. Out of 178 highly polymorphic SSR loci used for association mapping (i.e. a dataset with a 5% minor alleles filtered), 17 (∼10%) SSRs were associated with MIC, 23 (13%) were associated with UHM, 18 (10%) were associated with UI, 19 (∼ 11%) were associated with STR, 11 (6%) were associated with ELO, and 15 (8%) were associated with Rd traits (Fig. 4) . These SSR markers, significantly associated with fiber quality traits in MLM, explained between 1% and 5% phenotypic variation, and MLM models in fiber trait associations explained between 3% and 53% phenotypic variations (data not shown) in all assayed fiber traits.
We compared fiber trait-associated SSR markers from our study with reported SSR markers from QTL-mapping analyses in various experimental populations [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Other published linkage mapping or association studies were not compared because of the use of a different marker system, or when compared, we did not mention them here due to not finding common SSR markers in our results. Thorough analysis of the literature data revealed that between 6% and 21% of the SSRs (or their alleles) showing association with the main fiber quality traits also were reported to be associated with fiber quality traits in other linkage-mapping studies in cotton ( Fig. 4 ; Table S3 ). This supports the LD-based association mapping results [25] of our study that used diverse sets of cotton germplasm resources. The remaining SSRs are new markers revealing associations with fiber quality traits in diverse set of cotton germplasm. The details of association mapping results for each trait are listed in Table  S3 . We also checked whether SSR markers showing significant associations in diverse environments are in pairwise LD or not. The comparison of LD values (r 2 ) and association results from MLM (p ≤ 0.05) revealed that 85% of the SSRs significantly associated with fiber quality traits in MLM were in significant LD with other SSR loci at r ≥ 0.1 (Fig. S2 ).
Discussion
Our results demonstrated that the amplified SSR amplicons per primer pairs in assayed cotton accessions were lower (between 2 and 8 markers/primer pair) than that reported for landrace stocks [14, 16, 50] . The latter might be due to the use of the selected core set SSR markers in the genotyping. The genetic diversity studies of Gossypium species, inferred from isozymes, random amplified polymorphisms (RAPDs), restricted fragment length polymorphisms (RFLPs), amplified fragment length polymorphisms (AFLPs), and SSRs reported a low level of molecular diversity within G. hirsutum cotton germplasms (see review [50] ). Our results obtained from genetic distance analysis confirmed the narrow genetic base of G. hirsutum cotton variety accessions. We found more genetic diversity among the exotic landrace stocks than breeding variety accessions of Mexico and Africa. Previous studies [14, 16, 50] also found wider genetic diversity in the landrace stocks of G. hirsutum, confirming the existence of sufficient genetic diversity in the exotic germplasm that is underutilized in current breeding programs.
A wide range of diversity in fiber quality traits of the exotic accessions also demonstrates the existence of potential genetic variation for primary fiber quality traits within G. hirsutum germplasm that is useful for future breeding programs. It is noteworthy to mention that an accurate quantitative trait analysis and tagging of functional QTLs require the phenotypic measurements in the multiple environments/locations. However, we were limited to use only one environment single replication trait data in our study primarily 1) due to the photoperiodic short-day flowering characteristics of assayed germplasms that are not productive in long day summer cultivations in both Uzbekistan and the U.S., and 2) high cost of growing these accessions in short-day conditions of the Cotton Winter Nursery at the Mexico for multiple years to get valuable trait estimates from breeding point of view. Furthermore, fiber quality traits analyzed in our study were reported to have high heritability values [e.g. [51] ]. Although not perfectly ideal, this is the first time effort in phenotypic measurements of fiber quality traits of exotic accessions in such large samples, which allowed us to tag agronomically important QTLs of exotic cottons by using an association mapping strategy. Fig. 2 . The summary plot of Q-matrix estimates: cluster 1-landrace stock germplasm group (defined with the red color); cluster 2-Mexican varieties (defined with the green color); cluster 3-African varieties (defined with the blue color). 
Insights to linkage disequilibrium in cotton genome
Majority of SSR primer pairs yielded multiple PCR-products in our cotton allotetraploid accessions. In diploid cotton, Ma et al. [52] reported that a large portion of expressed SSRs (eSSRs) yielded dominant amplification products in A-genome specific experimental mapping populations, where 77% of amplified eSSRs loci scored as dominant marker type. There is a great risk of false allele calling for multiple-band SSR markers when wide allotetraploid germplasm resources with unknown pedigree information are genotyped [33] . Misassignment of alleles is the concern in association analysis [53] .
In spite of limited statistical power of dominant markers compared to co-dominant markers, they can be successfully applied to cluster populations using a Bayesian approach [35, 54] , estimate the kinship coefficients between individuals [55] , quantify the genome-wide LD and conduct a LD-based association mapping in plants [25, 26, 33, [56] [57] [58] provided a large sample size is used. Accordingly, the large sample size and the large number of heterozygous SSR loci genotyped in this study should give unbiased estimates of the genetic distance, genomewide LD, population structure, and kinship with our dominantly scored SSR data.
Our results on allopolyploid cotton germplasm revealed the first insight into a level of pairwise LD for cotton measured with SSR markers. The percentage of SSR loci pairs in LD observed in cotton (11-12%) was comparable with reports in maize (10%) [59] and sorghum (8.7%) [60] , yet was comparatively lower than that obtained in other studies. In different maize population groups, 49-56% of the SSR pairs were in significant LD [27, 61] . Also a high percentage of SSR pairs in LD was reported for population groups of cultivated barley (45-100%) germplasm [25, 62] as well as for the durum wheat (52-86%) elite germplasm [63] . A high recombination rate in allopolyploid cottons was reported [12] and it might be one of the factors explaining the observed low level of pairwise LD in cotton, along with mutation, selection, and genetic drift that occurred in the domestication of G. hirsutum germplasm.
Several reports in other crops suggest a longer size of LD blocks in narrow-based germplasm groups than broad based-germplasm groups in plants [32, 33, 59] , largely influenced by a recombination rate, mating system (selfing vs. out-crossing), genetic isolation, population subdivision and admixture, selection, mutation, and effective population sizes [29] . The genome-wide averages of LD block size for cotton was also longer in the cultivated cotton germplasm group of Mexican and African origin than that of broadbased landrace stock germplasm group, emphasizing the effect of selection pressure, inbreeding and small effective population size in breading history of Upland variety accessions. However, estimates of pairwise LD in variety group might be statistically biased due to small population size.
The genome-wide averages of LD block size for cotton at r 2 ≥ 0.1 threshold (b10 cM in landrace germplasm and N 30 cM improved variety germplasm) was comparable with LD decay estimates reported in some local Arabidopsis populations (50-100 cM) [28, 30] , sugar cane (10 cM) [28] sorghum (50 cM) [60] , barley (10-50 cM) [25, 62] , durum wheat (10-20 cM) [63] , and grape (5-10 cM) [64] , yet was larger than those reported in Arabidopsis (25-250 kb) [28, 30] , maize (200-400 bp) [58, 65] sugar beet (3 cM) [66] and wheat (1-5cM) [67] . However, our estimate of genome-wide averages for the extent of LD Fig. 3 . LD decays within a distance: A landrace germplasm stocks and B variety germplasm group from Mexico and Africa. Inner fitted trend line is a non-linear logarithmic regression curve of r 2 on genetic distance. LD decay is considered below r 2 = 0.1 threshold based on trend line [86] . in cotton may not adequately reflect LD patterns of specific regions or specific population groups. It requires additional quantification of LD each targeted region or population group for effective association mapping of variants within regions or populations of interest. The clear decay of LD with genetic distance reflects the portion of pairwise LD between SSR loci conserved with linkage that is useful for a genome-wide association mapping [27, 61] in cotton. However, we observed a number of unlinked markers showing significant LDs between pairs of SSR loci, revealing the existence of other LD generating factors than linkage in the cotton genome [27, 28, 61] . One of those factors is selection since we observed a greater proportion of unlinked marker pairs in significant LD. This might also be the result of co-selection of loci during domestication process. Relatedness is another factor that might also generate LD between unlinked loci pairs when predominant parents exist in germplasm groups [27, 61] . In assayed germplasm about 22% accession pairs had ≥0.1 kinship values, suggesting the potential role of relatedness in observed LD. Theoretically population stratification is one of the main forces generating LD [27, 61] . LD generated by selection, population stratification, and genetic drift might be theoretically useful for association mapping (less number of markers are needed) in a specific population groups and situations, yet it tends to reveal spurious marker-trait associations [27, 35, 61] . This underlies necessity for serious consideration of population structure and relatedness to perform population-based association mapping in cotton germplasm resources, at least, in our samples.
Association mapping of the main fiber quality traits
Similar to the case reported for other crops [25, 64] the moderately large LD blocks (b10 cM in landrace germplasm and N30 cM improved variety germplasm) in cotton suggests the potential of conducting effective LD mapping of complex traits with fewer numbers of markers than that of required for the human genome, where a very high density of molecular markers is needed for association mapping in the majority of cases [68, 69] . Considering the tetraploid cotton genome with a total recombinational length of about 5200 cM and an average 400 kb per cM [70] , the LD block sizes of ∼10-30 cM distance in cotton is large enough to conduct an association mapping of complex traits that would require ∼ 200-500 polymorphic markers distributed uniformly across the genome for minimum coverage of LD blocks in the genome of variety germplasm. Further, because of lesser extent of genome-wide LD, perhaps, more markers are needed to effectively scan the genome in landrace stock germplasm for highresolution mapping. These suggest an opportunity to perform coarse mapping with less number of markers in variety germplasm and fine mapping in landraces stock germplasm, assuming that genetic causations is sufficiently similar across the germplasm groups [71] . This conclusion is preliminary due to the polyploid nature of the Upland cotton genome, and our inability to identify the linkage phase of marker data in our study.
Structured population and relatedness characteristics in assayed cotton germplasm resources suggested a consideration of population structure and kinship in conducting population-based association mapping in cotton germplasm, in particular with our material where predefined groups represented an unbalanced number of accessions [35] [36] [37] 72] . Hence, we applied the mixed linear model (MLM) approach of Yu et al. [36] considering both population structure (Q) and kinship (K) to eliminate possible spurious associations, and successfully identified a number of SSR markers significantly associated with the main fiber quality traits of cotton. Compared to our study, several initial association mapping studies in plants used a significantly less number of plant accessions [33, 49] to find useful associations. One of the initial association studies in cotton [49] reported SSR marker associations in just 56 accessions of diploid cottons. LD-based association mapping results in 286 exotic cotton accessions should provide useful information for breeding programs of cotton.
Between 6% and 21% of SSRs associated with the main fiber quality traits in our study coincided with reported fiber quality traitassociated SSRs from QTL-mapping studies in various experimental populations, which is useful in the judging of the association results [25] . These markers are useful for MAS program because their validity has been proved across a diverse set of germplasm, broadly covering many meiotic events, and different QTL mapping reports. At the same time, majority of SSR markers associated with fiber quality traits in our diverse cotton germplasm were new markers. This could be due to 1) the use of many new SSR markers from the 'GH' collection (Pepper et al. unpublished) that have not yet been used for mapping of QTLs in experimental populations, or used yet not reported, 2) mapping of potentially new loci contributing to the fiber quality that are absent in current breeding populations. These new markers should also be useful for future MAS programs to mobilize potentially new QTLs from diverse 'underutilized' germplasm resources to elite cultivars.
In conclusion, the results of our study, for the first time, demonstrated the significant potential of LD-based association mapping of complex traits in cotton with a relatively small number of markers. Conversely, the mapping resolution may be limited, in particular, with breeding germplasm. However, a less extent of LD blocks in the exotic G. hirsutum germplasm suggest an opportunity to develop a set of mapping populations with the required amount of LD and diversity for high-resolution mapping through directed crossing between the selected germplasm groups [29] . Our results also suggest that population structure and relatedness should be taken into serious account to perform unbiased population-based association mapping in cotton germplasm resources and highlight the potential and feasibility of mixed linear model association mapping in cotton. A number of SSR markers associated with fiber quality traits in diverse exotic cotton germplasm, herein, should be useful to effectively exploit potentially new genetic variations of 'underutilized' wild and primitive G. hirsutum races in cotton improvement using MAS programs.
Materials and methods
Plant material
The Uzbek cotton germplasm collection constitutes more than 17,000 cotton germplasm accessions of the A-to K-genome groups from 43 cotton species that have been developed in the Cotton Research Institutes of the Republic of Uzbekistan and collected over the world for the past century [50] . A total of 285 'exotic' accessions, including 208 exotic landrace stocks ('yucatanense', 'punctatum', 'morilli', 'richmondi', 'marie-galante', 'latifolium', 'palmeri' and other unclassified landrace stocks of G. hirsutum marked as "wild"), 24 Mexican variety accessions, and 53 African variety accessions from Uzbek cotton germplasm collection were selected for analyses. We also included G. hirsutum genetic standard, TM1, and G. barbadense standard, 3-79 into a panel. The 77 variety accessions of Mexican and African origin (based on germplasm passport data, unpublished) were included due to their short-day photoperiodic flowering, similar to the landrace stocks, observed in the summer Uzbekistan environment (Table S1 ).
Phenotypic analyses
Because of their short-day photoperiodic flowering, these G. and a pooled fiber sample was analyzed for fiber quality traits (UHM, STR, MIC, ELO, UI, and Rd). Fiber analysis was conducted by the Cotton Incorporated HVI system. The statistical analyses and correlations between traits were performed using the Visual Statistics System (ViSta) [73] .
Genotyping with SSR markers
From each accession group, 8-10 young fully expanded leaves were collected and stored at −80°C. Genomic DNAs were isolated from the frozen leaf tissues using method of Dellaporta et al. [74] with minor modification and optimization for frozen tissues. Prepared genomic DNAs were checked in 0.9% agarose electrophoresis and DNA concentrations were estimated based on Hind III digested λ-phage DNA.
Accessions were genotyped using a 95 core set SSR marker primers (an average ∼ 4 SSR markers per each chromosome covering, 26 chromosomes of cotton; Table S2 ). This core set of SSRs was chosen specifically for germplasm collection characterization (R. J. Kohel and J. Z. Yu, personal communication) and covered about 18% of the genome, spanning a total of ∼950 cM distance or an average of ∼ 43 cM per each chromosome (J. Z. Yu et al. unpublished) . PCRamplifications were performed in a 8 μl reaction mix containing 0.8 μl 10× PCR buffer, 0.2 μl dNTPs (10 mM each), 0.72 μl 25 mM MgCl 2, 0.2 μl 5 pM non-labeled, 0.07 μl AmpliTaq Gold DNA polymerase (Applied Biosystems, USA), and 15 ng genomic DNA. PCR amplification was carried out using a PTC-225 DNA Engine Tetrad thermocycler (MJ Research, USA) with first denaturation at 95°C for 10 min, followed by 10 cycles of 94°C for 1 min, 60°C for 1 min (decreases of 0.5°C in each cycle) and 72°C for 2 min; 33 cycles of 94°C for 15 s, 55°C for 30 s and 72°C for 1 min. A final 6 min extension at 72°C was performed. The amplification products were visualized in 3.5% high-resolution agarose with ethiduim bromide and photodocumented using an Alpha Imager (Innotech Inc., USA) gel documentation system.
Molecular genetic diversity and phylogenetic analyses
Considering G. hirsutum is an allopolyploid with reticulated germplasm resources and the germplasm material used in this study were strictly self-pollinated during the past 50 years for germplasm renewing, we scored our SSR data like a dominant marker type with "1" for absent, "2" for present state, or "0" (or '?", "−999", and "−9", depending on the software requirement) for the occasional nonamplification or missing data state, taking each band as an independent marker locus with a clear size band separation [67, 75] to avoid assigning incorrect allelic relationships.
The heterozygosity level of marker data was identified according to an average similarity frequency of alternative alleles (0.5 vs. 0.5 for high heterozygosity or 0.9 vs. 0.1 low heterozygosity levels) [57] after filtering for minor allele frequency (MAF). Allele frequencies for dominant markers were calculated using SpaGeDi software [76] . The polymorphic information content (PIC) was analyzed using the PowerMarker software package [77] . Genetic distance and phylogenetic analyses of cotton accessions were performed using Neighbor Joining (N-J) algorithms with the minimum evolution objective function [78] of the software package PAUP⁎4.0b10 [79] . Genetic variation within and among predefined groups and pairwise F ST genetic distances was measured by analysis of molecular variance (AMOVA) [80] [81] [82] using ARLEQUIN 2.0 [83] . We also applied a Bayesian method to further study genetic differentiation among population groups, which allows direct estimates of F ST from dominant markers without prior knowledge of inbreeding history [84, 85] . Several runs for full, f = 0, θ = 0 and f = free models were performed using HICKORY, ver. 1.0, with the default sampling parameters (burn-in = 50,000, sample = 250,000, and thin = 50) following software guidelines [85] . Although the Bayesian analysis with dominant markers revealed the estimates of inbreeding coefficients (F IS ) (data not shown), we did not consider or discuss the results of F IS due to the biased nature of the values obtained from small within population sample sizes [85] . In both AMOVA and Bayesian population differentiation analyses, the 5% minor allele filtered SSR dataset was used.
Pairwise linkage disequilibrium and LD decay
For population structure, kinship, pairwise LD and association mapping analyses, only G. hirsutum genotypes were used, excluding the control Gossypium genotypes, G. barbadense. The genome-wide LD between pairs of SSR marker loci was studied according to Witt and Buckler [86] using the software package TASSEL ver. 1.9.6. The genome-wide LD between all pairs of SSR alleles was analyzed with MAF filtered datasets where SSRs alleles with a 0.05 frequency in genotyped accessions were removed before conducting LD analyses because minor alleles are usually problematic and biased for LD estimates between pairs of loci [87, 88] . The MAF removal was performed using the TASSEL site filtration function. LD was estimated by a weighted average of squared allele-frequency correlations (r 2 ) between SSR loci. The significance of pairwise LD (p-values ≤ 0.005) among all possible SSR loci was evaluated using TASSEL with the rapid permutation test in 10,000 shuffles. The LD values between all pairs of SSR loci were plotted as triangle LD plots using TASSEL to estimate the general view of genome-wide LD patterns and evaluate 'block-like' LD structures. Because of small sample sizes within the predefined groups in the cotton germplasm of Mexico and Africa, we did not evaluate a separate pairwise LD for each group to avoid biased estimates. Because of dense coverage, the linkage map information for the 95 core set SSRs was obtained from a new linkage map of RILs derived from the interspecific cross of TM-1 (G. hirsutum (AD1)) × 3-79 (G. barbadense (AD2)) (J. Z. Yu et al. 2008, unpublished) . The r 2 values for pairs of SSR loci were plotted as a function of map distances (cM), and LD decay (at r 2 b 0.1) was estimated.
Inference of population structure and kinship
A model-based approach, implemented in the software package STRUCTURE ver. 2.1 [35, 72] for dominant markers (coded as 1,−9; 2, −9), was used to identify significant clusters. In the first attempt, we used both 'no-admixture' and 'admixture' co-ancestry models under independent and correlated allele frequencies using the burn-in time of 50,000 and the number of replications at 100,000 [72] with the K up to 10. However, we did not determine distinct clusters and could not assign a significant number of K populations. Therefore, we used the prior population information, pre-defining accessions to a specific type of populations. Accessions were defined as 1) landrace stocks, 2) cultivated variety accessions from Mexico, and 3) cultivated variety accessions from Africa based on the source of origin as indicated in the germplasm collection catalogue (unpublished information). We also analyzed pairwise kinship (K-matrix). Pairwise kinship estimates were calculated according to Hardy and Vekemans [76] using the software package SpaGedi. The kinship coefficient of Hardy [55] was used to obtain the pairwise kinship matrix. The K-matrices (286 by 286), and the Q-matrix describing the assignment of each accession to specific clusters, were used in mixed liner model association mapping.
Association mapping
The LD-based association mapping of fiber quality traits was performed according to Yu et al. [36] , using the TASSEL software package. For association mapping, the 5% MAF filtered SSR datasets were used. Fiber trait data was imputed for missing data, and normalized using algorithms implemented in TASSEL before conducting an association mapping.
Data availability
The SSR data genotyped in our germplasm is available to readers through the Cotton Marker Database (CMD; http://www. cottonmarker.org/Downloads.shtml, verified on September 22, 2008; [22] ).
